Polyamines such as spermidine and spermine are primordial polycations that are ubiquitously present in the three domains of life. We have found that Gram-positive bacteria Staphylococcus aureus and Enterococcus faecalis have lost either all or most polyamine biosynthetic genes, respectively, and are devoid of any polyamine when grown in polyaminefree media. In contrast to bacteria such as Pseudomonas aeruginosa, Campylobacter jejuni and Agrobacterium tumefaciens, which absolutely require polyamines for growth, S. aureus and E. faecalis grow normally over multiple subcultures in the absence of polyamines. Furthermore, S. aureus and E. faecalis form biofilms normally without polyamines, and exogenous polyamines do not stimulate growth or biofilm formation. High levels of external polyamines, including norspermidine, eventually inhibit biofilm formation through inhibition of planktonic growth. We show that spermidine/spermine N -acetyltransferase (SSAT) homologues encoded by S. aureus USA300 and E. faecalis acetylate spermidine, spermine and norspermidine, that spermine is the more preferred substrate, and that E. faecalis SSAT is almost as efficient as human SSAT with spermine as substrate. The polyamine auxotrophy, polyamine-independent growth and biofilm formation, and presence of functional polyamine N -acetyltransferases in S. aureus and E. faecalis represent a new paradigm for bacterial polyamine biology.
Introduction
The primordial, amino acid-derived polycations known as polyamines are found in most cells in all three domains of life and are fully protonated at physiological pH. In eukaryotes, the triamine spermidine ( Fig. 1A) is essential for growth in organisms as evolutionarily distant as mouse (Pendeville et al., 2001; Nishimura et al., 2002) , excavate human parasites Trypanosoma brucei (Willert and Phillips, 2008) and Leishmania donovani (Roberts et al., 2002) , and flowering plant Arabidopsis thaliana (Imai et al., 2004; Urano et al., 2005) . At least one of the essential functions of spermidine in eukaryotes is the post-translational modification of translation elongation factor eIF5A, where the aminobutyl group of spermidine is transferred to a single lysine residue in eIF5A by the enzyme deoxyhypusine synthase (DHS) to eventually form the unique hypusine modification (Park, 2006; Dever et al., 2014) . A known essential function of hypusine-modified eIF5A is to prevent ribosome stalling during translation of mRNAs encoding proteins containing polyprolyl tracts (Gutierrez et al., 2013) . Many protozoan parasites have lost the genes for polyamine biosynthesis, probably as a consequence of intracellular lifestyle, and these species are obliged to obtain spermidine from their environment (Heby et al., 2003; Li et al., 2015) .
Inhibition of the archaeal orthologue of DHS with the inhibitor N1-guanyl-1,7-diaminoheptane results in cell cycle arrest (Jansson et al., 2000) . As all archaeal genomes encode homologues of DHS, this strongly suggests that spermidine, or least its precursors, are essential for growth of all archaea. Putrescine (Fig. 1A) is the diamine biosynthetic precursor of spermidine in archaea, and is made via an agmatine (Fig. 1B) intermediate through the activity of arginine decarboxylase. Agmatine is required in most archaea for the so-called agmatidine modification of a cytidine residue in the isoleucine tRNA required for decoding AUA codons (Ikeuchi et al., 2010; Mandal et al., 2010) , and is essential for growth due to its role in agmatinylation (Fukuda et al., 2008) , and as a precursor for deoxyhypusine formation (Prunetti et al., 2016) . Thus, in both eukaryotes and archaea, polyamines are absolutely essential for growth and cell proliferation.
In contrast, bacteria do not perform either hypusination or agmatidinylation modifications, and there is no known conserved essential function of polyamines in bacterial growth (Michael, 2016) . However, most free-living bacteria synthesize some form of polyamine. Spermidine has been shown to be essential for planktonic growth of γ-proteobacterium Pseudomonas aeruginosa (Nakada and Itoh, 2003) , ε-proteobacterium Campylobacter jejuni and α-proteobacterium Agrobacterium tumefaciens . Spermidine depletion results in approximately 50% reduction in growth rate in A. The figure shows the known pathways for converting diamines to triamines. Not shown is the variant S-adenosylmethionine-dependent pathway of Thermus thermophilus and Thermococcus kodakarensis, which uses homologues of agmatinase and spermidine synthase to synthesize spermidine from agmatine via aminopropylagmatine (Ohnuma et al., 2005) . γ-proteobacteria Escherichia coli (Chattopadhyay et al., 2009) , Yersinia pestis (Patel et al., 2006) and Salmonella enterica sv. Typhimurium (Green et al., 2011) . Putrescine is essential for growth of β-proteobacterium Ralstonia solanacearum (Lowe-Power et al., 2018) . The spirochaete and agent of Lyme Disease Borrelia burgdorferi does not synthesize polyamines but it is absolutely dependent on the spermidine uptake transporter potABCD for growth (Bontemps-Gallo et al., 2018) . Polyamines are also essential for robust biofilm formation in Y. pestis (Patel et al., 2006) , Vibrio cholerae (Karatan et al., 2005; Lee et al., 2009) and Bacillus subtilis (Burrell et al., 2010; Hobley et al., 2014; Hobley et al., 2017) , whereas endogenous polyamines inhibit biofilm formation in Shewanella oneidensis (Ding et al., 2014) , A. tumefaciens and Synechocystis (Kera et al., 2018) . It has been known for more than 50 years that many Gram-positive species do not contain spermidine or tetraamine spermine (Fig. 1B) , including Staphylococcus aureus (Herbst et al., 1958; Hamana and Satake, 1995; Rosenthal and Dubin, 1962) . Although S. aureus does not synthesize spermidine, it does possess orthologues of the E. coli potABCD genes encoding an active spermidine uptake transporter (Yao and Lu, 2014) , suggesting that S. aureus acquires polyamines from its environment. It has been proposed that S. aureus is uniquely sensitive to spermine (Joshi et al., 2011) , with planktonic growth being severely limited by 1 mM spermidine or spermine. Human cells produce spermine, and it was suggested that the physiological levels of spermine in human tissues limit growth of most strains of S. aureus. However, the virulent methicillin-resistant S. aureus USA300 strain encodes on the arginine catabolic mobile element (ACME) a homologue of the E. coli SSAT SpeG that has been proposed to render spermine and spermidine harmless to the pathogen (Joshi et al., 2011; Planet et al., 2013; Thurlow et al., 2013) . Although the presence of the speG gene has been proposed as the crucial factor allowing USA300 to spread rapidly through the healthcare system, the enzymatic activity of the SpeG protein was not experimentally verified in these studies.
Spermidine/spermine N-acetyltransferases belong to the GCN5-related N-acetyltransferases, a vast family of related proteins (Vetting et al., 2005) . It is difficult to assign function through homology in this enormous superfamily, an example of the difficulty being the second human SSAT (SSAT2) that was originally identified by homology to the human SSAT1 protein (Chen et al., 2003) . Subsequently, biochemical characterization showed that the human SSAT2 is in fact a thialysine N-acetyltransferase and not an SSAT (Coleman et al., 2004) . There is also some uncertainty about the role of polyamines in S. aureus biofilm formation. In one study, exogenous spermidine was found to enhance USA300 biofilm formation (Planet et al., 2013) but in a separate study, it was found that S. aureus SCO1 biofilm formation was inhibited 75% by just 175 µM of the spermidine structural analogue norspermidine (Fig 1A) , and that the effect of norspermidine at that concentration is specific for biofilm development, with no effect on planktonic growth (Bottcher et al., 2013) .
Considering the well-established importance of polyamines in bacterial growth and biofilm formation, we sought to determine their role in growth and biofilm formation of S. aureus and another Gram-positive species Enterococcus faecalis. Furthermore, given the reported importance of the S. aureus USA300 speG gene in the rapid spread of this methicillin-resistant pathogen, we characterized for the first time the enzymatic activity and substrate preferences of the USA300 SpeG (Sa-SpeG) enzyme, and a homologue of the B. subtilis BltD SSAT (Ef-BltD) from E. faecalis. Our findings call into question the general applicability of existing models (Yoshida et al., 2004 ) that attempt to explain polyamine function in bacteria, and reveal that S. aureus and E. faecalis represent a new paradigm in polyamine biology. We also found that the SSATs from S. aureus USA300 and E. faecalis are 6 (Sa-SpeG) to 100 (Ef-BltD) times more efficient with spermine than with spermidine as substrate.
Results

Absence of polyamine biosynthesis and related pathways
When a laboratory strain of S. aureus (SH1000) is grown planktonically in a rich complex medium such as Tryptic Soy Broth it accumulates the polyamine spermidine, as detected by HPLC ( Fig. 2A) . However, when grown in polyamine-free chemically defined medium (PN medium), no polyamines are accumulated (Fig. 2B) , confirming the previously published findings that S. aureus does not produce or accumulate spermidine when grown in chemically defined media. Similarly, Gram-positive E. faecalis laboratory strain O1GRF and vancomycin-resistant strain V583, and Lactococcus lactis subsp. cremoris do not accumulate spermidine when grown in polyamine-free medium (Fig. 2) . When S. aureus is grown in PN medium containing 1 mM spermidine, norspermidine or spermine, a substantial accumulation of each polyamine is observed (Fig. 2) , with spermine being accumulated most. Although accumulation is not a direct measure of polyamine uptake, due to the possibility of polyamine adhesion to the cell wall, any active uptake is likely to be due to the previously characterized PotABCD spermidine/spermine uptake transporter (Yao and Lu, 2014) . We note that the S. aureus PotD substrate binding protein is unusual in that it contains an Fst (faecalis plasmid stabilization domain toxin) toxic peptide at its N-terminus. It is conceivable that S. aureus produces polyamines only under specific physiological conditions, for example, the plant pathogen A. tumefaciens does not accumulate homospermidine unless spermidine biosynthesis is abrogated . Previously, it was noted that S. aureus does not encode the spermidine biosynthetic enzymes S-adenosylmethionine decarboxylase and spermidine synthase (Fig. 1) (Joshi et al., 2011) . However, the presence or absence of other polyamine biosynthetic pathways were not addressed in that study. We analyzed by BLASTP the proteins of S. aureus strains for the presence of homologues of the alternative aspartate β-semialdehyde-dependent pathway (Fig. 1) for biosynthesis of spermidine or norspermidine (Lee et al., 2009 ) based on carboxyspermidine dehydrogenase and carboxyspermidine decarboxylase. These pathways are entirely absent from S. aureus, E. faecalis and Lactococcus lactis. In addition, we did not detect homologues of the known pathways for homospermidine biosynthesis based on homospermidine synthase or the DHS-like homospermidine synthase (Shaw et al., 2010) .
Spermidine-independent growth of S. aureus and E. faecalis
Considering the presence in S. aureus of an active PotABCD transporter for spermidine uptake, and the accumulation of spermidine from rich growth medium, we wondered whether exogenous spermidine would be required for sustained planktonic growth. We grew S. aureus SH1000 in polyamine-free PN liquid medium and repeatedly subcultured into fresh polyamine-free medium (Fig. 3) . Addition of exogenous spermidine did not enhance or inhibit the growth rate at either 0.25, 0.5 or 1.0 mM and growth rate in the presence or absence of 1.0 mM exogenous spermidine was the same over ten subcultures (Fig. 3 ). This experiment was repeated with E. faecalis vancomycin-sensitive strain OG1RF grown in chemically defined medium with or without 1 mM exogenous spermidine for ten subcultures (Fig. S1 ). Similarly to S. aureus, sustained normal growth of E. faecalis did not require spermidine over ten subcultures (Fig. S1A ,B), and growth was neither stimulated nor inhibited by up to 6.0 mM spermidine or norspermidine (Fig. S1C,D) . 
Spermidine-independent biofilm formation of S. aureus
As spermidine was not required for planktonic growth of S. aureus SH1000, we reasoned that exogenous spermidine may be required for biofilm formation. In B. subtilis, polyamine auxotrophic mutant strains do not require spermidine for normal growth, however, spermidine is essential for robust biofilm formation (Hobley et al., 2014) . Using 48 well microtiter dishes, S. aureus SH1000 was grown in polyamine-free PN medium and in PN medium containing different concentrations of either spermidine, norspermidine or spermine. Submerged biofilm formation was quantified using crystal violet stain and measurement of the O.D. 595 nm absorbance. Biofilms were formed in the absence of any exogenous polyamine and neither spermidine, norspermidine or spermine enhanced biofilm formation (Fig. 4) . Exogenous spermidine began to inhibit biofilm formation at a concentration of 4.00 mM, spermine at 2.00 mM, and norspermidine above 0.25 mM and with almost complete repression of biofilm formation by norspermidine at 4.00 mM (Fig. 4) .
Inhibition of planktonic growth by polyamines is the basis of biofilm effects
To determine whether the inhibitory effect of exogenous norspermidine and spermine was specific to biofilm formation, rather than a general growth inhibitory effect, we grew S. aureus SH1000 planktonically with different concentrations of exogenous norspermidine or spermine (Fig. 5) . Planktonic growth began to be inhibited by 0.30 mM norspermidine, with severe inhibition at 3.00 mM. Spermine was not inhibitory until 2.0 mM with severe inhibition at 8.00 mM. Norspermidine was considerably more inhibitory than spermine, and 4.0 mM norspermidine prevented any growth. The inhibition of planktonic growth by exogenous norspermidine or spermine largely explained their inhibition of biofilm formation.
E. faecalis biofilm formation is polyamine-independent and polyamine-resistant
Similarly to S. aureus SH1000, E. faecalis strains OG1RF and V583 were found by BLASTP analysis to lack complete polyamine biosynthetic pathways ( Fig. 1 ) and do not accumulate polyamines when grown in polyamine-free medium ( Fig. 2) , although as discussed below, E. facaelis encodes agmatine deiminase and putrescine transcarbamylase of the agmatine deiminase system. They also do not encode a homologue of the E. coli speG that has been postulated to provide resistance to polyamines in S. aureus USA300 strains. However, they do encode a homologue of the B. subtilis BltD SSAT (Ef-BltD). Submerged biofilm formation of both E. faecalis strains was examined for polyamine-dependence (Fig. S2) . Each strain formed biofilms in the absence of any exogenous polyamine, and growth with either spermidine, norspermidine or spermine did not enhance biofilm formation. The E. faecalis vancomycin-resistant strain V583 biofilm formation was fully resistant to all polyamines at 6 mM. Norspermidine had no effect on biofilm formation of the vancomycin-sensitive OG1RF strain at 6 mM, however, spermidine inhibited biofilm formation by approximately 40% at 3.0 mM but was not any more inhibitory at 6.0 mM. Spermine exhibited some inhibition of biofilm formation above 4.0 mM in OG1RF. As noted above, planktonic growth of OG1RF was also fully resistant to spermidine and norspermidine at 6 mM ( Fig. S1C,D) .
The S. aureus USA300 SpeG and E. faecalis BltD homologues N-acetylate spermidine in E. coli
It has been proposed that the methicillin-resistant S. aureus (MRSA) USA300 strain homologue (Sa-SpeG) of the E. coli SSAT SpeG, is a major determinant of the rapid emergence of this pathogen (Joshi et al., 2011; Planet et al., 2013; Thurlow et al., 2013 
Spermidine vs. spermine substrate preferences of USA300 Sa-SpeG and E. faecalis Ef-BltD
The substrate preferences of the Sa-SpeG and Ef-BltD proteins were assessed in vitro using purified his-tagged recombinant proteins. Each protein was incubated with either 1 mM spermidine or spermine, and reaction products were benzoylated and detected by LC-MS. Both SaSpeG and Ef-BltD proteins acetylated spermidine and spermine (Fig. 7) . Due to the technical difficulty of using LC-MS to kinetically characterize the activities of the SaSpeG and Ef-BltD proteins, we employed a spectrophotometric assay based on detection of the reaction coproduct CoA formed after the acetyl group is transferred to the polyamine from saturating concentrations of acetyl-CoA. The Sa-SpeG exhibited a K M for spermidine and spermine of 1330 ± 120 µM and 295 ± 5 µM, respectively, and Ef-BltD 769 ± 19 µM and 45 ± 2 µM respectively ( 
Polyamines and not N-acetylpolyamines are the substrates of Sa-SpeG and Ef-BltD
A potential problem of interpreting the kinetic behavior of SSATs is the possibility that the enzymes can further N-acetylate the already N-acetylated polyamine. We tested the ability of Sa-SpeG and Ef-BltD to form N1,N12-diacetylspermine from either spermine or N1-acetylspermine. When either enzyme was incubated with spermine, there was a large conversion of spermine to N-acetylspermine (Fig. 8) . Although a small elution peak appeared at 5.8 min for the EIC corresponding to N1,N12-diacetylspermine, there was no corresponding mass in the mass spectrum. The peak at 5.8 min was even less prominent when either enzyme was incubated with pure N1-acetylspermine, indicating that N1-acetylspermine is a poor substrate for both enzymes.
Exogenously derived polyamines are N-acetylated by Sa-SpeG and Ef-BltD
We sought to determine whether E. coli BL21ΔspeG cells that expressed either Sa-speG, Ef-bltD, Hs-ssat or EcspeG could take up and N-acetylate exogenous polyamines. These strains already contain spermidine, and when grown with 1 mM exogenous spermine or norspermidine, the cells accumulated N1-acetylspermine (tribenzoylated mass 557.3 Da) or N1-acetylnorspermidine (dibenzoylated mass 382.2 Da) respectively (Fig. 9) . The accumulation of N 1 -acetylnorspermidine appeared to be greater than that of N 1 -acetylspermine, but it is not known how efficiently the two polyamines are taken up.
Discussion
The absence of polyamines in S. aureus was established nearly six decades ago (Rosenthal and Dubin, 1962) , and using more sensitive HPLC we have confirmed that no polyamine, including the spermidine structural analogues norspermidine and homospermidine are present. Furthermore, we have established that none of the known triamine biosynthetic genes (Fig. 1) are encoded in S. aureus or E. faecalis. The agmatine deiminase pathway that can be found in E. faecalis strains is not involved in polyamine biosynthesis (Roon and Barker, 1972; Simon and Stalon, 1982; Llacer et al., 2007) , as the putrescine produced from imported agmatine is exported from the cell by an agmatine-putrescine antiporter. What might be the reason for the loss of polyamine biosynthesis in Gram-positive S. aureus and E. faecalis? The initial step in polyamine biosynthesis in Gram-positive B. subtilis and Clostridum difficile is the decarboxylation of arginine (Burrell et al., 2010) . Biosynthesis of polyamines from endogenous arginine is not possible in S. aureus because it is an arginine auxotroph (Glastone, 1937) ; similarly, exogenous arginine is essential for growth of E. faecalis (Chander and Ranganathan, 1975) . In the absence of arginine biosynthesis, the same selective pressures that Fig. 6 . N-acetylspermidine production in E. coliΔspeG by SaSpeG and Ef-BltD. Note: The human SSAT (Hs-ssat), E. coli speG (Ec-speG), E. faecalis bltD (Ef-bltD) and S. aureus USA300 speG (Sa-speG) were expressed in the spermidine N-acetyltransferasedeficient strain E. coli BL21ΔspeG from the expression vector pETDuet-1. Shown are the LC-MS Extracted Ion Chromatograms (EICs) of cell extracts that were derivatized with benzoyl chloride, and analyzed for the mass of dibenzoylated N-acetylspermidine (EIC: mass 396.19-397.19). Elution times are indicated on the peak. The y axis is relative arbitrary units and automatically adjusts to the height of the elution peak. A sample of parental E. coli BL21 containing an empty pETDuet-1 vector (first panel) and BL21ΔspeG with empty pETDuet-1, to which has been added 100 µM pure N1-acetylspermidine after growth (third panel), are used as controls. An example of the mass spectrum of the main peak eluting at 3.8 min is shown (inset) for the BL21ΔspeG+Ef-bltD sample revealing the mass of dibenzoylated N-acetylspermdine (m/z 396.2) and the sodium adduct (m/z 418.2). [Colour figure can be viewed at wileyonlinelibrary.com]
led to arginine auxotrophy may have also led to loss of the polyamine biosynthetic pathway. Alternatively, loss of arginine biosynthesis may itself have caused the loss of the polyamine biosynthetic pathway. Arginine auxotrophy in S. aureus is due to repression of the arginine biosynthetic genes rather than their physical loss (Nuxoll et al., 2012) , which is clearly different to the complete absence of polyamine biosynthetic genes.
The presence of the spermidine uptake transporter encoded by potABCD in S. aureus and E. faecalis suggested that exogenous polyamines might replace endogenously synthesized ones for growth and biofilm formation. Germane to this idea is the finding that the spirochete Borrelia burgdoferi, a polyamine auxotroph, is absolutely dependent on the potABCD transporter for growth (Bontemps-Gallo et al., 2018) . However, we found that although S. aureus accumulates exogenously derived polyamines, it does not require them for normal growth in vitro over at least ten subcultures, and they do not stimulate growth, as was also the case for E. faecalis. Furthermore, we found that in vitro neither S. aureus nor E. faecalis required exogenous polyamines for biofilm development, and polyamines did not stimulate biofilm formation. Biofilm formation of S. aureus USA300 was found to be stimulated by 11.5 mM exogenous spermidine in a study by others (Planet et al., 2013) , but concentrations of free spermidine that high are unlikely to be physiologically relevant as discussed below. Why might S. aureus and E. faecalis take up spermidine and spermine if polyamines are not required for growth or biofilm formation? It is possible that polyamines positively affect survival during stress of diverse sorts, as has been reported with other bacterial species (Rhee et al., 2007) . In E. faecalis, spermine effectively protects membranes against thermal lysis at 60°C (Ray and Brock, 1971) . A polyamine auxotrophic strain of E. coli was able to grow at a moderately reduced rate under aerobic conditions but was absolutely dependent on exogenous polyamines for growth under anaerobic conditions (Chattopadhyay et al., 2009) . Nevertheless, this polyamine auxotrophy, and polyamine-independent growth and biofilm formation in S.
aureus and E. faecalis represents a new paradigm in bacterial polyamine biology.
The converse role for spermidine and spermine in growth, i.e. inhibition, was established for S. aureus in 1955 (Grossowicz et al., 1955) . More recently it has been proposed that S. aureus is uniquely sensitive to spermine (Joshi et al., 2011) , and also sensitive to spermidine at higher concentrations (Planet et al., 2013) . In another study, biofilm formation of S. aureus SCO1 was found to be abolished by just 175 ± 25 µM norspermidine, and this inhibition was independent of growth effects (Bottcher et al., 2013) . In contrast, we found that biofilm formation of S. aureus SH1000 was not fully inhibited until concentrations of norspermidine above 2 mM, 10 times higher than the concentration reported previously (Bottcher et al., 2013) , and we also found that the biofilm effects were due to inhibition of planktonic growth. In further contrast, biofilm formation in E. faecalis strains OG1RF and V583 was resistant to 6 mM norspermidine and planktonic growth was unaffected by the same concentration, although spermidine became slightly inhibitory at concentrations above 2 mM. As noted above, it has been proposed that S. aureus is uniquely sensitive to exogenous spermine, with planktonic growth being severely inhibited by 1 mM spermine and completely inhibited by A B 2 mM spermine (Joshi et al., 2011) . However, we found that 1 mM spermidine and 1 mM spermine had no effect on the rate of planktonic growth of S. aureus SH1000. This is consistent with an early report on spermine sensitivity of S. aureus that found the minimal inhibitory concentration (MIC) of spermine to be 1000 µg/ml, which is approximately 4.9 mM (Rozansky et al., 1954 ). An additional challenge to the view that S. aureus is uniquely sensitive to spermine is provided by the finding that the MIC of spermine for E. coli K-10 and S. Typhimurium LT2 is 1.0 and 2.0 mM respectively (Kwon and Lu, 2007) . The same study found that the MIC of spermine against a methicillin-sensitive S. aureus strain (ATCC 35556) and two methicillin-resistant strains, N315 and Mu50, was 4 mM each. Although S. aureus does not produce spermidine or spermine, it has been long known that is does take up and N-acetylate these polyamines to form N1-acetylspermidine and N1-acetylspermine (Rosenthal and Dubin, 1962) . The gene or genes encoding this SSAT, however, are not known. Emergence of the S. aureus USA300 strain as a virulent pathogen has been linked to the horizontal acquisition of an arginine catbolic mobile element encoding Sa-SpeG (Joshi et al., 2011; Planet et al., 2013; Thurlow et al., 2013) . The Sa-SpeG is thought to render USA300 resistant to spermine, although direct biochemical proof of enzymatic activity was not provided in those studies. Our analysis of the purified recombinant S. aureus SaSpeG has established that it is 6-fold more efficient with spermine as a substrate than with spermidine. This is an interesting finding because most bacteria produce spermidine and relatively few produce spermine (Pegg and Michael, 2010) . We found that the E. faecalis Ef-BltD protein is 10 times more efficient with spermine than is the S. aureus Sa-SpeG protein, which may explain in part the greater resistance of E. faecalis to polyamines, indeed the Ef-BltD enzyme is almost as efficient with spermine as is the human SSAT (Table 1) . When expressed in the speG-deficient strain of E. coli grown in the presence of exogenous norspermidine, the Sa-SpeG and Ef-BltD proteins acetylated the transported norspermidine. This may have limited physiological relevance for either S. aureus or E. faecalis because the distribution and abundance of norspermidine is limited mainly to the Vibrionales (Lee et al., 2009) and is probably absent under normal conditions in physiologically relevant environments, such as the skin and gastrointestinal tract.
The concentrations of spermine and spermidine that inhibit growth of non-USA300 S. aureus strains have (Joshi et al., 2011; Planet et al., 2013) based on prior studies. This proposal supposes that spermine is free in solution within cells, however, this is not the case. At physiological pH spermine is fully protonated and positively charged; it binds to cellular polyanions, and is present primarily as a spermine-ribosomal RNA complex. In bovine lymphocytes, 2.5-4.8% of spermine is free, in rat liver it is 3.3-6.7% free (Watanabe et al., 1991) . Therefore, to achieve the MIC of 2.0 mM free spermine, intracellular spermine would need to be present at more than ten times that concentration, which is highly unlikely to be a biological concentration in mammalian cells. For example, in different compartments of the guinea pig heart, an organ with relatively high polyamine content, the total cellular spermine content ranged from 318-458 µM (Yan et al., 2005) . Clearly, the presence of the speG homologue is strongly correlated with the spread of USA300, but it is unclear whether its biochemical activity is causative for that success. Growth medium-derived polyamines were found to be decreased in laboratory selected vancomycin-intermediate S. aureus (VISA) strains, and it was proposed that the decrease in polyamines might facilitate the accrual of mutations that lead to the VISA phenotype (Hattangady et al., 2015) . The effect of N-acetylation of exogenously derived polyamines might mimic decreased polyamine uptake, possibly contributing to virulence-enhancing mutations. The role of spermine and spermidine uptake and N-acetylation in S. aureus USA300 and its proposed causative role in the emergence of USA300 as a successful virulent pathogen clearly requires further study.
Experimental Procedures
Bacterial strains, media and growth conditions
For planktonic growth, S. aureus SH1000 (Horsburgh et al., 2002; O'Neill, 2010) , a methicillin sensitive S. aureus was grown in Tryptic Soy Broth (TSB) or polyamine-free chemically defined medium (PN medium) (Pattee and Neveln, 1975) at 37°C, buffered to pH 7.0 from single colonies. The S. aureus SH1000 strain is derived from NCTC 8325 that had been cured of its three prophages to yield strain 8325-4, and thereafter the 8325-4 strain rsbU gene was repaired to yield strain SH1000 (Horsburgh et al., 2002) . After growth in 3 ml of TSB, cells were diluted 1:1000 in 10 ml of PN medium and further subcultures were diluted 1:1000 into 10 ml of PN medium. Planktonic growth was followed at OD 600 nm using a Synergy H1 multi-mode microplate reader (BioTek) for microtiter dishes and a UNICO 3802 spectrophotometer for 50 ml of conical tubes. Both E. faecalis OGIRF (Murray et al., 1993) and vancomycin-resistant E. faecalis V583 (Sahm et al., 1989) were grown in BHI complex medium or in polyamine-free chemically defined medium (CDM) with 1% glucose. Cells of E. faecalis grown in complex medium were diluted 1:1000 into 10 ml of CDM medium.
Cultures of L. lactis subsp. cremoris were grown from single colonies in M17 medium and in polyamine-free chemically defined SA medium (Jensen and Hammer, 1993) . Polyamines were obtained from Sigma-Aldrich.
Static biofilm assay
For both S. aureus and E. faecalis, cells were grown statically in 1 ml of CDM, with or without added polyamines, in 48 well microtiter dishes (Greiner Bio-One) at 37°C for 24 h. The inoculum (1:1000) for the biofilm experiments was planktonic cells grown initially in TSB, followed by washing twice in CDM and then growth in 5 ml of shaking cultures in CDM at 37°C. Biofilm formation was quantified by staining with 1% (wt/vol) crystal violet (O'Toole and Kolter, 1998) and then dissolving the crystal violet-stained biofilms with 95% ethanol and measuring absorbance at OD 595 nm using a UNICO 3802 UV/VIS split beam spectrophotometer.
Polyamine extraction and derivatization for High Performance Liquid Chromatography analysis
Cultures of 10 ml were grown to a density of approximately 0.9 OD 600 nm in polyamine-free chemically defined media and then cells were pelleted by centrifugation at 4,000 g for 5 min. Pellets were washed with 1 ml of PBS and resuspended in 25 µl of lysis buffer (20 mm MOPS, pH 8.0, 10 mm NaCl, 4 mm MgCl 2 ). Resuspended cells were then subjected to three rounds of freeze/thaw in liquid nitrogen. Protein was precipitated with 7.5 µl of 40% trichloroacetic acid and incubated on ice for 5 min, followed by centrifugation at 13,000 g for 3 min, and the supernatant was stored at −20°C until further use. To derivatize the extracted polyamines with the AccQTag fluorescent agent (Waters), 5 µl of sample was added to 75 µl of buffer supplied by the manufacturer and vortexed to thoroughly, followed by addition of 20 µl of the AccQ-Tag fluorescent agent, and further vortexing. The solution was then heated to 55°C for 10 min with occasional vortexing, and the fluorescently derivatized samples were then transferred to an autosampler for analysis by HPLC. Polyamines were detected by HPLC as described previously for B. subtilis and A. tumefaciens (Hobley et al., 2014; Kim et al., 2016) .
SSAT expression in E. coli and polyamine extraction for LC-MS analysis
The open reading frames encoding S. aureus USA300 SpeG (Sa-SpeG, GenBank acc. no. ABD21585) and E. faecalis Ef-BltD (acc. no. WP_002384741), E. coli SpeG and human SSAT were synthesized with E. coli-optimized codons (GenScript, Piscataway, NJ). For analysis of activity in E. coli, the ORFs were cloned into pETDuet-1 (Novagen), and expression was induced with isopropyl-β-D-1-thiogalactopyranoside (IPTG). The E. coli BL21ΔspeG deletion mutant was made according to the method previously used to construct a BL21ΔspeE deletion mutant (Li et al., 2016) . Briefly, the ΔspeG::kanFRT segment of the corresponding KEIO collection mutant was transduced into BL21(DE3) using P1 phage transduction. Single colonies of E. coli BL21 or BL21ΔspeG expressing Ec-speG, Hs-ssat, Sa-speG or Ef-bltD from pETDuet-1 were used to inoculate 2 ml of LB containing ampicillin and kanamycin and grown overnight at 37°C. A 400 µl aliquot of the resulting culture was used to inoculate 20 ml of the same medium and grown at 37°C until an OD 600 nm of 0.4 was reached. IPTG was then added at 0.5 mM and the cells incubated overnight at 16°C. Cells equivalent to 10.0 OD 600 nm were centrifuged and the pellet washed three times with phosphate buffered saline. Two hundred µl of lysis buffer (100 mM MOPS pH 8.0, 50 mM NaCl, 20 mM MgCl 2 ) was used to resuspend the cells. The lysate was then frozen with liquid N 2 and thawed at 37°C, and this was repeated three times. To this lysate was added 60 µl of 40% trichloroacetic acid followed by thorough mixing, and the mixture was kept on ice for 5 min. After centrifugation for 10 min at 4°C to remove cellular debris, the supernatant was transferred to a new tube. The pure standard of N1-acetylspermidine (Sigma-Aldrich) was added at this point, before benzoylation. Benzoylation and LC-MS analysis of E. coli extracts were performed as previously described (Li et al., 2016) .
SSAT overexpression and purification
Spermidine/spermine N-acetyltransferase ORFs (Sa-speG and Ef-bltD) were cloned into pET28bTEV and introduced into E. coli BL21(DE3). Cells of E. coli BL21(DE3) containing the expression constructs were grown at 37°C in 40 ml LB containing kanamycin overnight. Twenty millilitre of those cultures were then added to 2L LB with kanamycin and grown to mid-log phase OD 600 nm 0.4 at 37°C with aeration before addition of IPTG (0.2 mM), and the culture was grown overnight at 16°C. Cells were resuspended in buffer A: 50 mM Tris-HCl (pH 7.8), 150 mM NaCl, 10 mM imidazole and protease inhibitor cocktail, and then lysed using a cell disruptor at 10,000 psi. The lysate was centrifuged for 60 min to remove unbroken cells, debris and insoluble material. The soluble sample was applied to a 5 ml of Hi-Trap chelating HP (GE Healthcare) column equilibrated with 0.1 M NiSO 4 and buffer A and the 6×His-tagged proteins were eluted from the column with a gradient of 0-60% buffer B over 20 column volumes at a flow rate of 1 ml min −1 ; buffer B contained 50 mM Tris-HCl (pH 7.8), 150 mM NaCl, 500 mM imidazole. Proteins were dialyzed against 50 mM Tris-HCl (pH7.5), 150 mM NaCl, 2 mM CaCl 2 at 4°C overnight and desalted using a Hi-prep 26/10 desalting column. Protein purity was confirmed using sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Protein concentration was determined using a Biotek Synergy Multi-Mode Microplate reader (OD 280 nm wavelength read) with molecular weights and protein extinction coefficients program.
In vitro SSAT reactions for LC-MS analysis
For SSAT in vitro assays, all reactions were performed in 200 µl volumes with the following common components: 50 mM Tris-HCl, 1 mM EDTA, 0.5 mM acetyl-CoA, and with 10 mM spermine or spermidine as a substrate, and either 10 µM Sa-SpeG or Ef-BltD was added. Reactions were incubated for 1 h at 30°C, and stopped by adding 60 µl 40% trichloroacetic acid to the reaction. Reactions were then benzoylated and analyzed by LC-MS as described previously for in vitro reactions (Lowe-Power et al., 2018) .
High-throughput colorimetric in vitro assay of SSAT
The assay is based on the protocol of Lin et al. (2010) . Substrate solution contained 50 mM Tris-HCl, 1 mM EDTA, 0.5 mM acetyl-CoA and variable concentrations of spermine/spermidine, pH7.5; enzyme solution contained 50 mM Tris-HCl, 1 mM EDTA and variable concentrations of enzyme, pH7.5; Ellman's reagent contained 50 mM Tris-HCl, 1 mM EDTA, 2 mM DTNB, pH7.5. Each reaction contained 25 µl enzyme solution mixed with 25 µl substrate solution in a 96-well microplate, reactions times were varied at 30°C and stopped by heating at 85°C for 5 min, cooled down to 4°C for 5 min, followed by addition of 50 µl Ellman's reagent, and kept at room temperature for 30 min. The released CoA was measured at OD 412 nm with a BioTek plate reader. For analysis of Sa-SpeG with spermidine, 200 ng of enzyme was assayed with 0.4, 1, 2, 4, 8 and 10 mM spermidine for 10 min. With spermine, Sa-SpeG was assayed with 200 ng of enzyme and 50, 60, 75, 100, 200 and 500 µM spermine for 10 min. For Ef-BltD with spermidine, 125 ng of enzyme was assayed with 0.4, 2, 4, 8 and 10 mM spermidine for 12.5 min. With spermine, 50 ng of Ef-BltD was assayed with 4, 10, 20, 50, 75 and 100 µM spermine for 10 min. A dose curve of pure CoA-SH (Sigma-Aldrich) measured at OD 412 nm , consisting of 0, 2, 5, 10, 20 and 40 nmol CoA-SH mixed with 50 µl Ellman's reagent at room temperature for 30 min was used to correlate absorbance and amount of CoA-SH produced during the assay.
